Abstract-To examine the myocardial contractile response of the diabetic heart, effects of isoproterenol (ISO) and norepinephrine (NE) on perfused hearts isolated from streptozotocin (STZ)-induced diabetic rats and insulin-treated diabetic rats were evaluated. Male Sprague-Dawley rats, weighing 200-260 g, were divided into the control (C)-group, diabetes mellitus (DM)-group and diabetes mellitus treated with insulin (DMI)-group. The C group was injected with buffered vehicle. DM and DMI groups were injected intravenously with 60 mg/kg STZ on the first day. Three days after STZ injection, the DMI group was subsequently treated with 4 U of Lente insulin subcutaneously every day. At 45 days after injection of STZ, experiments were performed using a Langendorff perfused heart preparation. The heart was paced at 300 beats/min, and myocardial developed tension (T) was measured isometrically. Plasma glucose values (mg/dl) were 142.4±8.7 in C, 499.3±1 5.6 in DM and 370.6±27.6 in DMI group. The order of percent increase
Although it has been reported that myo cardial contractility is reduced in diabetic animals (1) (2) (3) (4) (5) (6) , very little is known about cardiac responses, if any, to administered adrenergic agonists. The present study, therefore, was designed to investigate the myocardial contractile response of perfused hearts isolated from experimental diabetic rats and insulin-treated diabetic rats to adrenergic drugs.
Materials and Methods
Induction of experimental diabetes: Male Sprague-Dawley rats, weighing 200-260 g, were randomly separated into three groups: the control (C, n=13) group, diabetes mellitus (DM, n=17) group and diabetes mellitus treated with insulin (DMI, n=15) group. In approximately half the rats of each group (n=6 in C, n=8 in DM and n=7 in DMI), effects of ISO and CaC12 were ex amined. In the remaining rats (n=7 in C, n=9 in DM and n=8 in DMI), effects of NE and AM I were examined. After an overnight fast, DM and DMI groups were made diabetic with a single intravenous injection of STZ (60 mg/kg) which was dissolved immediately before use. The C group was injected with buffered vehicle. The diabetic state was assessed by measurement of nonfasting plasma glucose levels 3 days after STZ injection. Subsequently, the rats in the DMI group were treated with 4 U of Lente insulin (Insulin Novo Lente~R® MC, Novo IndustryA/S) subcutaneously every day for 42 days (Scheme 1). Animals were maintained on ordinary rat chow (Clea Japan, CE-2) and water ad libitum for 45 days. Experiments et al. were performed at 45 days after injection of STZ. Perfusion of the heart: After an overnight fast (1), animals were anesthetized with sodium pentobarbital, 30 mg/kg, i.p. The abdomen was opened, and blood was collected rapidly from the inferior vena cava. Immediately after thoracotomy, the heart was removed and chilled in Krebs-Henseleit solution of the following composition (mM): NaCI, 120.0; KCI, 4.8; CaCl2, 1.25; MgSO4, 1.2; KH2PO4, 1.2; NaHCO3, 25.0; and glucose, 11 .0. The heart was transferred to a non-recirculating Langendorff apparatus and perfused with the Krebs-Henseleit solution (pH 7.4), which was maintained at 37'C and continuously aerated with a gas mixture of 95% 02+5% CO2, at a constant flow rate to maintain a perfusion pressure of 50 mmHg by means of a microtube pump (Eyela, MP 3). The flow rates (ml/min) of each group were 9.8+0.8 in C (n=13), 6.9±0.8 in DM (n=17) and 8.5±0.4 in DMI group (n=15). Perfusion pressure was monitored through a tube connected to the aortic cannula by means of an electronic manometer (Nihon Kohden, TP-101T). The heart was preloaded with a resting tension of 1.0 g. Myocardial developed tension (T) was isometrically measured through a hook attached to the apex of the heart by means of a force displacement transducer (Nihon Kohden, TB-611 T). The first derivative of myocardial developed tension (dT/dt) was derived from differentiating the developed tension signal using an electronic differentiator (Nihon Kohder, ED-601G). Heart rate was counted continuously with a card iotachometer (Nihon Kohden, AT-600G) triggered by the de veloped tension. The heart was paced at a constant rate of 300 beats/min with rec tangular pulses of 0.5 msec in duration and twice threshold voltage derived from an electronic stimulator (Nihon Kohden, MSE 3R) through a pair of platinum electrodes attached on the surface of the right atrium. The purpose of pacing was to eliminate the influence of the heart rate. Pacing at 300 beats/min for about 120 min did not produce any remarkable changes in T or dT/dt in each group. All the parameters were recorded on a heat-pen writing polygraph (Nihon Kohden, WT-645G).
Experimental protocol: After all the para meters were equilibrated for about 20 min under these conditions, experiments were started. Drugs were dissolved in physiological saline solution and injected into a rubber tube connected to the perfusion apparatus near the aortic cannula in a volume of 0.1 ml. Injection of the solvent in a volume of 0.1 ml did not produce any remarkable changes in all the parameters in this study. A cumulative dose-response curve was obtained by in Drugs on Diabetic Rat Heart 235 creasing concentrations of each drug in the perfusion medium. At the end of the experi ment, each heart was carefully removed from the perfusion apparatus, and wet heart weight was measured. The drugs used in the present study were as follows: I-isoproterenol hydro chloride (ISO, Nikken Kagaku), dl-nor epinephrine hydrochloride (NE, Sankyo), calcium chloride (CaC12, Wako) and amino phylline (AMI, Eisai).
Blood analysis: Plasma insulin was measured by a radioimmunoassay method employing antibody-coated beads to separate bound and unbound radiolabeled insulin (7), using rat insulin as a standard. Plasma glucose levels were measured by the glucose oxidase method (8) .
Statistical significance:
The data were expressed as means±S.E.M., and the sta tistical analysis of the data was done with Student's t-test. A P value less than 5% was defined as a significant difference.
Results

Plasma
glucose, plasma insulin, body weight and wet heart weight: The general features (plasma glucose, plasma insulin, body weight and wet heart weight) of C, DM and DMI groups at the time of the experiment are summarized in Table  1 . Plasma glucose levels in the DM group were significantly higher than in the C group. While the plasma glucose levels in the DMI group were significantly lower than in the DM group, those in the DMI group were significantly higher than in the C group. Plasma insulin levels in the DM group were significantly lower than in the C group. Though plasma insulin levels in the DMI group were higher than in the DM group, Typical recording of the effects of bolus njection of soproterenol on an isolated and perfused heart from a control rat. dT/dt: first derivative of tension. The heart was paced at a constant rate of 300 beats/min.
there was no statistical significance. Body weight and wet heart weight in the DM group were significantly lower than in the C group, and body weight in the DMI group was significantly higher than in the DM group (Table 1 ) .
Basal values of myocardial developed tension, +dT/dt and -dT/dt: Steady state basal values of myocardial developed tension, +dT/dt and -dT/dt in C, DM and DMI groups are summarized in Table 2 . There were no significant differences among C, DM and DMI groups except for the value of -dT/dt in the DM group .
Effects of drugs on myocardial developed tension: Cumulative administrations of each drug produced dose-dependent increases in maximal developed tension (T) in the isolated and perfused hearts of each group. Figure 1 shows a typical recording of the effects of bolus injection of ISO on a control rat heart. ISO 3X10-'0 g did not change T (Figs. 1  and 2 ). Percent increases in T by ISO 10-9 3X10-8 g in the DM group were significantly lower than in the C group. On the other hand, percent increases in T by 3x10-9 3x10-11 g ISO in the DMI group were sig nificantly greater than in the DM group, and these increases in the DMI group were almost the same as those in the C group (Fig. 2) . Percent increases in T by 10-8 3x10-8 g N E were not significantly different Fig. 2 . Effects of isoproterenol on percent increase in myocardial developed tension of isolated and perfused hearts from control (Q Q, n=6), diabetic (00, n=8) and insulin-treated diabetic n=7) rats. Each value represents the mean+S.E.M. Significantly different from the control value at *P<0.05 and **P<0.01. Significantly different from the diabetic value at *P<0.05. among the three groups. However, percent increases i n T by 10-7-10-6 g N E i n the D M group were significantly lower than in the C group. Though percent increases in the DMI group were greater than in the DM group, those were not statistically significant (Fig. 3) . Percent increases in T by 1.1 X 10-4 2.2x10-3 g CaCl2 were not significantly different among the three groups except the value by 5.6x10-4 g CaCl2 (Fig. 4) . Fur thermore, percent increases in T by 0.31 X10-3 -5.00 X 10-3 g AM I were also not significantly different among the three groups (Fig. 5) .
Effects of drugs on ±dT/dt: To evaluate effects of drugs on myocardial contraction velocity (+dT/dt) and rate of relaxation (-dT/dt), percent changes in the first derivative of T (±dT/dt) by each drug were examined. Percent changes in +dT/dt by 3x10-9-3x10-8 g ISO tended to be lower in the DM group than in the C and DMI groups, and the difference of change by 10-8 g ISO was significant statistically ( Table 3) . As shown in Table 3 , percent changes in +dT/dt by 10-8-10-6 g NE and 2.2 X 10-4-2.2 X 10-3 g CaCl2 tended to be lower in the DM group than in the C and DMI groups. Percent changes in +dT/dt by 1.25X10-3-5.00X10-3 g AMI were sig nificantly lower in the DM group than in the C group, and those in the DMI group C group, and differences of these changes tended to be greater than in the DM group.
were significant statistically at 10-7-10-6 g Percent changes in -dT/dt by each drug in NE (Table 4) . Percent changes in -dT/dt by the DM group tended to be lower than in the each drug in the DMI group tended to be greater than in the DM group, and those were significantly different at 3 x 10-7-10-6 g NE (Table 4) .
Discussion
In the present study, steady state basal values of myocardial developed tension, +dT/dt and -dT/dt were not significantly different among the three groups except the value of -dT/dt in the DM group. In isolated ventricular papillary muscle and isolated perfused working heart preparations of diabetic rats, the decrease in myocardial contractility has been observed (1) (2) (3) (4) (5) (6) . Dis crepancy of results between the present experiment and the reports elsewhere would be due to experimental conditions, for example experimental preparation or load. As shown previously (9), STZ selectively destroys the beta cells of the pancreas and causes an absolute or relative reduction in insulin levels. In the present experiment, plasma insulin levels were significantly lower in the DM group than in the C group and significantly recovered in the DMI group, indicating that the low insulin levels in the DM group most probably result from STZ induced insulin deficiency. models under the same experimental con ditions, glycosylated hemoglobin levels from our unpublished data which reflect the mean plasma glucose levels during the past 4 to 8 weeks (12) were 4.1 ±0.1 % in the C group (n=10), 16.0+0.7% in the DM group (n=10) and 5.8±0.4%
in the DMI group (n=9). From this, it can be expected that in our experimental models at 45 days after STZ injection, the plasma glucose levels in the DM group were maintained under hyper glycemic conditions and those in the DMI group, under similar conditions to those in the C group.
In the present study, body weight in the DM group was significantly lower than in the C and DMI groups. However, it is unlikely that this decrease in body weight influences the depressed myocardial contractile response, since it has been demonstrated using pair-fed animals that malnutrition was not the primary factor responsible for changes observed in cardiac performance after STZ treatment (1, 2) . The present results of no changes in percent increase in tension by CaC12 and AMI also support this view.
Though percent increases in tension by ISO and NE were significantly lower in the DM group than in the C group, those by CaC12 and AMI were not significantly differ ent among the three groups, suggesting that adrenergic receptor-mediated contractile re sponse is specifically depressed in the diabetic hearts at 45 days after injection of STZ in the DM group despite of no change in adenylate cyclase activity by NaF and forskolin. They proposed that the number of beta-adrenergic receptors in cardiac mem branes from diabetic rats is significantly reduced, and this view is supported by the previous findings reported by Savarese and Berkowitz (14) and Williams et al. (15) . This also may account for the present results that percent increases in tension by AMI were not significantly different among the three groups. Furthermore, in the present experiments, percent increases in tension by CaCl2 were also not different among the three groups, suggesting that calcium channel-mediated contractile response is not depressed in the diabetic hearts at 45 days after STZ injection.
The percent changes in +dT/dt and -dT/dt by each drug including CaCl2 and AMI showed a tendency to be smaller in the DM group than in the C group. In general, it has been established experimentally that myo cardial maximal developed tension is not related to its maximal shortening velocity (16) . Therefore, if there was no agreement with the results between tension and ±dT/dt, it may not always be unreasonable. Pro gressively, it is speculated that +dT/dt is more easily influenced than tension under certain pathophysiological conditions. In conclusion, in the hearts at 45 days after injection of STZ, myocardial contractile responses to ISO and NE were significantly lower in the DM group than in the C group and recovered when treated with insulin. On the other hand, those to CaCI2 and AMI were not significantly different among the three groups. These results indicate that adrenergic receptor mediated contractile response is significantly depressed in the diabetic hearts.
